Whirlwinds, dry convective helical vortices, move large gypsum crystals in the Andes Mountains of northern Chile. The crystals are entrained from a saline pan surface, where they grew in shallow surface brines. They are transported as much as 5 km and deposited in large dune-like mounds. The dune gravel is cemented relatively quickly by gypsum cement precipitating from near-surface saline groundwater, resulting in gypsum breccia. This marks the first occurrence of gravel-sized grains moved efficiently in air by suspension, provides a new possible interpretation for some ancient breccias and conglomerates, and improves understanding of limits of extremity of Earth surface environments.
MATERIALS AND METHODS
This study relies on field observations made at Salar Gorbea over three days in March 2007. Sedimentary facies were mapped based on locations of sedimentary textures, sedimentary structures, minerals, and sedimentary processes observed. Environmental conditions, including water depths, salinities, pH, and water and air temperatures, were measured. Sediment, sedimentary rock, salar pool water, and groundwater samples were collected.
Petrographic observations were supplemental to field work. Two types of gypsum crystals were examined for this study: (1) bottom-growth gypsum crystals collected growing in salar pools; and (2) abraded gypsum crystals sampled from salar flats and dunes. Razor blades were used to thin gypsum crystals to ~1-2 mm thick to observe features such as growth bands that might indicate the origin of gypsum. Observations were made by transmitted light at a magnification range of 6.23-63× with an Olympus SZX10 stereo microscope.
RESULTS
The Salar Gorbea whirlwinds are large dust devils that carry gravel in suspension ( Fig. 2A) . As with most dust devils, they have a rotational motion and were seen in clear, dry conditions during afternoons (i.e., Sinclair, 1969) . One large whirlwind was observed on each of three consecutive afternoons of the study. The longevity of the whirlwinds, based on camera time stamps, was ~5 min. The estimated width of the whirlwinds is as much as 500 m in diameter. Each whirlwind took the same general path along the north side of Salar Gorbea, originating in a narrow, flat valley between two cinder cone volcanoes and proceeding for ~3-5 km in a generally southeastward direction across the relatively low relief saline pan surface (Fig. 1) . The distal end of this path, on the eastern side of the salar, is characterized by an undulating, low-relief topography with some dune-like mounds composed of large, randomly oriented gypsum crystals. In addition to the large whirlwinds, several smaller, weaker, and shorter lived mud-and sand-carrying dust devils were observed both on the salar and over adjacent volcaniclastic fans on each afternoon.
The gypsum crystals that compose the dunes and litter the surrounding salar flats are up to 27 cm long and similar in size, shape, and internal features to salar pool subaqueous bottom-growth gypsum (Fig. 3 ). Therefore, the gypsum grains are interpreted to have grown in salar pools as chemoprecipitates. However, these large, subaerially exposed gypsum crystals are abraded, frosted, and pitted, grain surface characteristics known to form when grains collide subaerially (Krinsley et al., 1976) . The crystal shape and size, the abundant primary fluid inclusions along growth bands, the surface textures, and the random orientation and abundance of the crystals on the salar surface allow us to rule out calcium sulfates of noneolian transport, such as displacive gypsum or nodular anhydrite.
At Salar Gorbea, the unusual combination of saline waters, arid climate, high solar radiation, and topographic relief seem to promote both the growth of gypsum and strong winds. Salar pools appear to have been carved out as blowouts by wind erosion, and later filled with water as shallow saline groundwater seeped upward from below. Bottom-growth gypsum crystals grow subaqueously in dozens of salar pools (Figs. 3A-3C ). The water depths in the salar pools fluctuate as the acid brine groundwater table rises and falls, likely influenced by the underlying magma chamber (Froger et al., 2007; Karmanocky and Benison, 2016) , leaving some salar pools dry at times. Desiccated salar pools are lined with exposed and upward-oriented, bladed, bottom-growth gypsum crystals.
The large whirlwinds form in a narrow volcanic valley (Fig. 1) , then race across salar pools, ripping up gypsum bottom-growth crystals. The whirlwinds transport the gypsum crystals in suspension ( Fig. 2A) , and finally drop them on salar flats (Fig. 3E ) and in dune-like mounds at the east side of the salar as the winds dissipate (Fig. 2C) . A generalized model of the processes that form and rework the gypsum is depicted in Figure 4 .
The gypsum gravel dunes, as observed, showed various degrees of lithification. Gypsum crystals with a powdery texture grow at gypsum gravel grain contacts, likely precipitating from saline groundwater that wicks to the surface due to evaporation (Smoot and Castens-Seidell, 1994) . The product of gypsum gravel devils is gypsum breccia (Figs. 3F and 3G ) in which abraded gypsum crystals are randomly oriented.
DISCUSSION
Historically, gravel in eolian settings is typically considered deflation lag because gravel does not commonly move by wind. Gravel tends to remain stationary while high winds entrain and move away finer grains, including sand, silt, and dust. For this reason, gravel layers have been applied to croplands to trap the underlying finer grains of the soil and protect them from wind erosion (Li and Liu, 2003) . Eolian experiments testing movement of natural gravel have been restricted to bedload transport by wind (Neely et al., 2014) . Suspension processes explored in some wind tunnel experiments have used particles larger than sand-sized grains, but the particles consist of construction materials, such as plywood, and not mineral or rock grains (Lin et al., 2006) .
Only rare examples of modern gravel transport by winds are known on Earth. Megaripples composed of gravel have been observed in the Dry Valleys of Antarctica (Bendixon and Isbell, 2007; Gillies et al., 2012) . These formed from fairly sustained winds of ~145-155 km/h; winds twice as high have been estimated to occur as gusts in the Antarctic Dry Valleys. Megaripples on the Argentinian Puna, only ~150 km to the southeast of Salar Gorbea, have been described (de Silva et al., 2013; Milana, 2009) . In these gravel megaripples, the grains are mainly granules (2-4 mm in diameter), and less commonly pebbles (4 mm to 6.4 cm in diameter). The largest eolian grains previously described from the Andes are 5 cm in diameter and are composed of pumice of low specific gravity (~1. 5 g/cm 3 ; deSilva et al., 2013). These pumice gravel grains all moved in bedload, either by traction (rolling along the ground) or by saltation (bouncing). Even more rare are reports of gravel moved in air by suspension, such as the case of a strong windstorm in 1977 in California (USA) that lodged lithic clasts as large as 1.6 cm long at heights of 2.4 m in telephone poles (Sakamoto-Arnold, 1981) .
Entrainment, transport, and deposition of grains by wind are dependent upon characteristics of both the grains, such as grain size, and the fluid, including its viscosity, density, and velocity. In general, the larger the grain size and the lower the fluid viscosity and fluid density, the higher the fluid velocity needed for grain entrainment and transportation. On Earth, maximum dust devil wind speeds are thought to be ~70 km/h; this overlaps with F0 tornado wind speeds (Fujita, 1973) . Most dust devils and F0 tornadoes carry particles smaller than gravel. Therefore, the gravel devils at Salar Gorbea must be significantly stronger in wind velocity. Other factors that must play a role in grain entrainment and transportation at Salar Gorbea are the low air pressure, the elongated blade shape of the gypsum crystals, the vertical orientation of the gypsum crystals in growth position, and gypsum's low specific gravity (~2.3 g/cm 3 compared to 2.7 g/cm 3 for quartz). It is important to note that more studies are needed to (1) directly measure atmospheric conditions associated with the gravel devils; (2) confirm maximum grain size suspended within the gravel devils; and (3) better understand relationship of gravel devil movement and dissipation to mound formation. Regardless, it is speculated that the gravel devils of Salar Gorbea may be the largest and strongest known on Earth.
The scientific literature about large natural grains deposited by wind in the past is scant. Broken, gravel-size chert nodules in Mississippian limestones were hypothesized to be ancient tornado deposits (Carozzi and Gerber, 1978) . A query of how paleotornadoes might be recognized in the rock record focused on a study of tree blow-down patterns from a modern tornado (Gastaldo, 1990) . Some deposits of large reworked chemiprecipitate crystals, such as the large gypsum crystals at Salar Gorbea, may provide ideal cases for the recognition of strong winds from the rock record, and may lead to alternate depositional interpretations. The Salar Gorbea gypsum gravel dunes are cemented quickly at the surface by gypsum cement that forms as salty groundwater is wicked to the surface in this arid climate. This provides a high preservation potential for these breccias in the short term. However, because gypsum is a soft and moderately soluble mineral, such gypsum breccias may have various levels of preservation, depending upon later physical and chemical weathering and diagenesis. The Salar Gorbea gravel devils add to our understanding of extreme environmental conditions possible on Earth. 
